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[_.: 1 Introduction

The problem of the osci!l_tions of a heterogeneous h_s ,-.ttac-__cthe --t-
tention of numerous researchers _refs. I ._ This is explained _v _he fact

that certain types of oscillation prove _ust_ble and c_u affect "i2nific_ntiy
the transfer coefficients in the pl_sma- Ho:¢ever at present the m_thods of in-

vezti_ating this problem have been developed _ach less than is the chse for

I_L_..__ h_mogeneous p!_sm_ [refs. 5 - 8]- In this re_rt, a general method is developed

for studying the oscill_tions with the aid of the tensor of dielectric permem-

bilker- This tensor is computed bolo_¢ by _y of the solution of the kinetic
"' equation. If the tensor of dielectric permeability is known, the problem of

iii : inves_ig_tLn_ _u _rbitrax"_ type °f 0scill_ti°_ _duces °nly t° a s°luti°n °f

_i _- -" the _%xweil .equation; .therein, the need is obviated of solving e_ch time the

• eguations for %he motion of the charges. Suc'_ _ method _!so permits us to sys-
tematize-the individu_l, -% first gl_ce disconnected, types of oscill_tio_s

of a heterogeneous, and also to e_t_blish their inter_lationshi_ _,.iththej_

- . ty_.es,of osci-llation in a homogeneous, plasma- According to the form of the v_r-
ious components o_ the tensor, even prier to a solution of _he ._._-.-ellequation,

_ we sometimes _re _ble to for,_ _ conclusion reF,_rding ,the existence and the prop-

"_,_.,_.]'-" .. er_ies of a given type of oscill_tions.

_!_J In this .report, we limit ourselves to a survey of the c_se of "plane geom-etry", i-e..we consider the force lines of _ _erm_nent m_netic field to be

....}_ = _%_-aight p_rallel lines. ]_or the purpose o-_.a qualitative consideration of the

":_ curvature of the force line_, & fictitious _r_vit_tional field zs introduced.

;_'_-_]":_ (As is known, the_ effects being evoked by these two factors are analogous; e.go,

":+-_!1 " convective instability [5]). The gradients of the equilibriu::,valuus _nd also

the gravitational field are _ssu_ed to be sufficiently s=_ll and directed %ran-"

sversely to the m_Enetic fiel_. The frequency of oscillations is _.ssumed to be

_i high _ compared with the frequency of the p_rticles' collision. A solution of
._| the !_inetic equation is sought in a linear r.pproxim_t_on in respect to the wave
....... amP_i_ude_

i_ - In Section 2 _-_l_v, we h_ve found the d_stri_ution function _¢it:-a,;. _.ccur_
aey up to terms of the first o_-der in respect to the gradients of the equiii-

"_ brium _ar_mcters of the pl;_sma. The correspondiag equilibr_u.._ distri:.,ution rune-
"- tion is e_ns_dered to be _a _.rhitrar_ffunctions of _he veloc':tios _.a_L of one

_.1 o_ ti-,eco_cdinates (but, of course, _s depend2n._ only slightly on _h'_ coordin-

'_"' ate). The ,,'avefrequency is _ostulated to be arbitrary as compared wA_h the
-- _,|
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c'.cloiron, f--'cquo,,cyof the %y-,_.o-" .'+-article_b_in.-_con_iCered. ="-+__.a_y,_.ndo-.ce

o- _ ":ave'2 field upon the coor._.i_a-_esi_ _o-ec¢-e:"in the forz o-"_ne produc-_
A_e_

re_u__in_ _'roz._ultip!yin_ t-:_eplane wa',:ee oy an arbitrary f'_.ction of ;he

a'-_-e:'_on_ +.h_ heterogeneity ("ampiitude _').Such a choice permi-s_ %he _:'_''__a,_n_-

ex__ra_sion for %he perturbed _J.uc_ion of dlstribu_ion, %here a_e con%--inca the
firs: deriv_%ives with respect tc %he - _;_ ..... of _--_-"-" The J

-c_tic of .5 harmer radius of %he 9&r%icles %o the "-.-ave!enz%h:' "i-_- -_o %he

va!u_ " :_/,kl) is assumed tO be a_'bitrary. The _.:avelength i_ consiiered %', be
sii_l_% a_ compared with the dimensio_ of +.he system.

in See%ion 3, the expression developed for ihe distribution ?-c-c%ibn is

used for -_ho calculation of ¢he cc_.d_c%ivi-_y %onset of a heterooe._,_._ pi_-sc_,

_a,_ , and also of the poi-_rization recto2 X, yieiding a connection _etween _he

dorsity of %he charge and the w_-ve's die!ee'_ric field. Specifical_y, il.evec _
%0"2 -[is useful in the investi_at-cr, of the !onxitudina! osci!!a%ions (_,/°I=X

= 0): when in place of the compleDe _ys%cm of %he :,'.a-_;e!!equation, we can uze

. _h vec-the ?&is&on ecuaticn, in which . :eenter$ only the charses' densi%::. _"e

"_oz X is iir.ked with %he tensor _a: by the continu%iy equation and utuals a cer-

u.ln comblna%ion of components _._ . Ho;:ever, the study of the " _ -_ "_-_
c-llc-_ions ca= no+, be correctly concucte& solely wz%h the aid of %he Poisson

equation, since i% is required each time _o substantiate the h_othesis re_ard--

in_ "&he iozoitudin-"l state, and in _his re_ard one can b_- no means ,T,ana_e wig.h-

out %he uonplete system of .',_xwellequa_iGno, in which are i_cluded the currents

, _ and h&nce ._Ii the cc'_9onents of the tensor G_ _ •
!

The ;_near approximation in respoc% _o %he gradients of the pi_.s.ma'sequil-

ibrium paruaeters does no% always prove adequate for %he Lnvestiga_ion of cer- ._. ,_.
"_in wave D3_es. Therefore, in Section 4, we have solved the kinetic equationI

I with an r.zcur_cy up to terms, quadratic in respect to the grP-dient of aa equil- "

i ibrium distribution function, for _ particu!_r ins%a:t_e of low pressure plasma.
it is demons%rate4 %ha_ these %er-.-.s_ay become real {or waves of ve_j low (as

co._pared with the cycle%ton) frequency: Such frequencies are typical of ma,_- -.
Lr_f- 2_-"- ne_ohyd_'_ynamic instabilities ' '

! _he results of Sections 2 - _., having _rea% generality, are a_ the s-_me _/

I _ime quite a%_rd. They are represe,_ed in the form Of infinite suz_ Of doub- _._,
le inCegrai_ -n resnec_ to %he ve!oci%ies, if we choose a certain co._cre_Jeform _'

• of eiuilibrium distribution fur-orion, in _he _xi_ressions for _. we can +_hen .j_
conduct an integration with-_espoct to %he ve!oci%ies- In Section 5, we h_ve ..-_
c_o_er, a :._xwel! equilibrium distributi,._n function (with the ap,nropriate slight ;',-_

addition, associated with the plasma's ho'_o:-ogenei%y) am_ also assumizg _hat : _,,-5.C '.-'._'

%he plasma's pressure is low (8/r p/Do<_-'- 1; v_B o = O; _ = 0), we conducte_ in !,,_.::_
3_ _3 the integration with respect to ve!oci%ies. In _his _egard, _he to.;sor
_, ,:. describing the properties cf a he%oro,/oneous plasm_ is expressed inn a --_."
form a._alo_ous to the case of _. homogeneous plash--as the i_fi:;i%_ sum fro_

%he produc_ of the Cr-_mp (Y,ramp) functions times %he Be_sel func_ion fro.r."_he
i::._-:!narv,r.._c.mcn%[ref. 2]. Tn this section, i'u is shown that if ";he effects
• " " _le_ r_ notI,-:..:o_wi_-_ %he gradient of the malefic _ "_ and %he gravity forc,'::,a _

s......null:, in the reading-off system where %he equilibrium electric field

I equals z_-ro, the ten--'-orof dielectric permeability, 8_ @_p + -.Tx_:., /:s ,
con_i_s of the s:_;.:of %he three terms, or.::of which is %_',0t- ._c'_-_.._ re-- the _

• . ;'-<"_:_',_'
I homogeneous plasma, %he othe, is li_ked with _,._ heterogeneity oi" _.; WaV_ am- i_ I

I,_,___
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nli%u&e, a_-& %he tkird is associated wi_h %he Stadia.n% of the equilibri'mu dis-

%zibu%ioz function- Takin Z into acco[mt %he i_2ortance of the case of lo_:-fre-

quency.vaves, when the he%eroEenei%y effects are particularly appreciable: we

_-_oZe in Sec_. 5 an expression for E_xe for this case as well. in _ddi%ion %c

_-Z duce_ for _he projection of the po!a-'isa%ion vector X for the direction .of _he
wqve veetor_ i-e- am expression _'or %he _har_es' density.

_<) _i in _-3c%. 6, we have derived a dispersion equation described _h, Alfven
_':: and ionic--sonic _ves im a low pressure heterogeneous plasma.

_?_ 2 Solution cf %he K--_uetic_quation

_:° i !re a'ssume %_t the plasma is iocate_ in the cdns%ant ma_aetic a_d e!ect_ic
_°" _ fields Bb," E °, %he _ravita%ienal field _ and in the field of .he electrcmag.,e_-

•<_-[!-_ _.c wave E, B. If we postulate that %he mc_ion of each charged plasma particle

_- _: , for a certain time inte_--ra!is entirely da%ermined by these fields, an_ no% by

-! %he collisions with other _%rtlcles, wi%h_,-,this time interval of dis%_i:_u%ion

function of each type of particles, _, i_ _escribed by ±he kno_._ V!asov eufam-
rich:

•a/+v _/ [_ _-:+-A-vxS+_-I

_ ;.f
vx _]-a; =0 (:_.l)

Here _ = e E ° + m _-, _c = e _°/mc; the re_inin_ notations are conveational.

Inas._--chaS Fm. 2-I is a linear homogeneous differential equation in partial

derivatives, its solution can reduce to _he solving for ±he constants of the

motion o£ ._he correspondin_ system of ordinary differ_._tial equations:

""dv=___ E'-- _ - , F ,_.o
• -._ ,,, . _vx_+vx_

dr
q?=v (_._)

The latter ones are handy to solve, after havin_ s_ected a cylindrical system
of coordinates in a velocity field with a polar axis along the magnetic field

•,Ioand a Cartesian system in an ordinary space._ Then Eq. 2.2 can.be _ri%ten
over in %he form: . .._

_'F _ _"v._ -_-._ x _+_.v.

• d_a oB

- 4 • _I

+ ,. o ,,.o%|

'_' (N" co_t,a)
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d_ d,j d--

v--2a.)

__ J _rt_,_L_-

i% is assumed that +.he orient,s-b-on of heterogeneity of the pl_s=_'s equil-

ibrlu=, parameters lies in the plane x, y a:._dfor_s the angle $' with _xis x. From

here on, we will sig-ify this orientation by a, so that

a=z cos ,;+y s_n

T-.e iu_e_ration censor.his _ :o Z ]io, __, r o e._'e_so chosen th_'_ the.;
h_v_ ros,_ctively, the meaning of the avera_ _in respect to period of rota-

tion :_., _ :_netic field _nd in respect to period of osciil_tions in "_hewr_v_ •
fle.c._, cf the transverse -_ud !ongitudinzl clergies of _ n_r%icle, of the av-

erage ini'&i_l (i.e. initially _ver_ged, and then taken a%_t = O) ro±r_tion phase
and of average initial coordinates of the cen%.;= of the L_rmor circle

z .., ,"d&l ._" @ :d_-

• r d_, d, r=r,+;--_d,_= =_-j-_- , (_.._)

Eere .... d t signifies the indefinite in- r=i in respect to time; the subin-

%egr_i expressions _re the right h_nd part so of _q- 2.2&; _o_ = (k_, Yo, Zc_"

Talc.in.._into accot_t that the p!_sma i_ heterozeneous only iv. the direction •
z, _nd _ssuming the independence of the equilibrium distribution f_.uction from

the p:_2.se of the L_rmor motion of p_rticle_, we will have. the following depend-

ence of a complete (i.e. ta/_jmg into _cco'_% the l_rt:_les ' motion in fields E,
B) distribution function f from the motion constants:

1(r,v,:i=1o(_-°,_°,=o) ('="._)

(ao = x o cos $"+ Yo '_in _.; fo is a certai_ _m_ction £ypif_in_ the plasma's _/
sta'_e, havin_ the sense of the distribution _'_anctionof particles for a homo- -.

geneous p!asm_, and in a consideration of th _.heterogeneity--of the distribu- -_-
I tion function of _he Larmor circles).

_e will assume the fields E, B are _ufficiently sm_ll aud we will m_/_e use -::_
of the method of successive _pproxim_tions, finding initially the "unperturbed" -'-_,,

:, part of the solution of system 2.2_, and then the "perturbed" part, linear in '_,'.'i_!

_ respect to E. B. The gradient of the constant :-. ;._eticfield B ° and the fic.lds _ _;:

i g and E o are assumed to be sm_ll and in the integration of the motion equations '
of the p_r%icles _re considered co_stan_. " _'!

In this case, the "solution of an "unperturbed" system 2.2_ with an accuracy

up to the first degrees of g, & , am.d ._B o is well kho_..; !_ corresponds to the

Larmor rotation of a p_rticle around the guidin_ center, slowly disple.cing across

the :._a_neticfield a_d the direction of the forces, and m_y be represented in the

form: _.

• ,.x._,_

i:,_._"
,4-_...
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--- -7 •

I ,
• i

_.L---- _ +.°--Tz+ :to V: 0 t+iZ_ tqO

-- ,0 __ _:--2ux --- _:- `)

• 9)=-, +, t. ,,_o c.os,l,l,eo=_o +,x:"'.c.ospo

, _I J ,

z-=xo--Ooein+oc--_(u...+-u:) sin ,,:,.-..:-_.++oocos (I,o";-'#o)

:----Zo+m°+; m=ao--._ osim_o (2.5) :

_ere

++ ._ :b-++(+'++.... -- "2--X_-Io-++' "+'- ++ -_)+'
":+;--_+
+::., +. oo=+'-°Im++°, o,o%+,.,o(me),

]

+':: .: ,8o=_o--,,',. ,_j.°=(P.__t.o/,,O_% ,.-_o=(9.e.+:o/,)_'.._r+.{9.6)
_'_, " - i •

:'. t "'' _ '+ _he co_ections to %he undisturbed transverse _.-ndlongitudin_l _._er_iesof

I _h++_rticles, which from now on +,:illbe symbolized _s z .L '_ _ I_ '_, _n be rep-
'+"'+ resented in the form:

_+

,_+/., --_-+e.I.,5"T-+eB . ,5,_ •

 i i!i

*'}_i! _here +he s_'bstrip+,l_,, +i_21ifies"oertu_be_'_.-

" In the in_gretion of %he ex_resdions con_ining R and B, eon_iie_-_*ion

is given _o the dependence o_ %he w_ve _mpli%ude upon _ so th-_%,e.g...

"_ Oener_lly spe+_l_ing,it is neces-_+_ryto %Mce into _ocount the del_eaaence-, of %he w_ve _m.Dli%udeupon %he coordinates in _he ¢_se of _ heterogeneous

ii pl_-_m_,since here (in dis++inotionf_om %he homogeneous plasm_) the ._xweli

_ _ equations possibly c_n not h_ve solutions in the form of _l_ne _ves.

.'_-. Using P._. 2-5,
_E0

*+_'. |".o('_)="]':o("o)- eosin _,o'-a"y

-:'+ ..... [ i l'x .+_ "
"+<'_I cxt'(-_ ,,+.r,/,:.,.+-;"x£';+)_:+Lt-,--+,,,,,,.-(:(m(+/'o+Po)J,• _:+| + +

":,_- x :,xt,-,il'._a'o.ki_,:,,-i[,,-k, ,..,o__..,,1.,,+".4 s|:_.'_l'+

,++" --i kx .%,in _p_ (_.ti)
,i

--6-

' I

•:_,,'i-'.. t ; . . . . ., •

1965026176-007



-.'ofi._d %he cxpiicit form of the dep_nd_nce on time of the fields E and B,

&_a _nalogou_!y for B.

In %:'e integration in the ri_hi-har.& _arts of Eq. 2.8, we will re_ro_en%

_'._ c::pcnent exp (-i u"\x 2o s_n _ ..,)i:= th-_ f_rm:

r._--¢o ..

(j = +_,_ hansel function.)
•

Then -zith the aid of Eqs- 2.5, 2.8, und 2-9, we find the v&lces-z J_E,

_ E) £B, SF', as the functions re, v o %

E_(ro,v°)=ie_,:+>_.oc-'",o,-_"E_+ .d, E_

±!%r,. + ......... . !_,: ,I]
"-_ -:"% _": L_','.'"" ;'_'_ " __oJ e_s
53

-j

5• "'?e,__,!_')r . ;J,X,+ + :J. L:o,-)+9-a'-1_; "--') _'_n

, :-7 c_,,+_.-)-_}
_L "" % _;(,'I% ¢_ / .,I .)J "-"

X oxp (--i ¢o'_+i/;_ XoTi 1:=:d (_.10)

l'l

,.,+J,. . ,. u_ ,. ,, flJ. 1

/:

'""" 4}• +i )*[-_o-)ma cxp (--i_'$+i k_xo+i _ ¢o)(2.11)•

i _,' "° (.>-.r-,.) ..,_
I

! +,,,'°-,,0+,-+:-,',_0)+,(,++-+5"-X-_.- , +'_+
; " "a" co_Po+id,,'_h_poI+_.--g--.o+_.--_,y . _,

! ""iJ'sh_'--J"e°_'_°)}°xp (-j +'++i _"+°+ i+ z°)

:'.']=2_

,%=eo &+-, ,j,o=(+,/_,+ +,)+o)-, ...,:_

.?

--7--
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_-.. .

7-+:/

.i F-_ . //'.-%

_ -:_= 2-24 _ by E (%'igh gXe _ie -

o_ t_" _::_ion _I_ = - c_ .xzj_",....,..ge_:.

_:,_ _, " "-_" 1 ,'_ k -- -- .

_'_':i - -_ ,..e,:+l,')-_.v+,%t'P-_-+-.,.,,,,._-._) .,:,.}_P.._- -

-'."_:. _. - -_. -..

_-_,_i -- '" :

_.._'+__._=Z._ + - - - . .

-_'_5"_ - _,_=_...._-.-=.. .--------.--z2,,|_p ___._.|.__._ ....... ]

----+ ..... The_ vec%o_- T h_s_he condoner, s: :

-+++-• +-:. :
+_++] -/_=+.- _,,=_
•.%-'i.,_] . ._ .-- '"+ _ -'--_I

.. .;- "+'+.= [(+,,-,,+_,.:-._,r,;-.),l.co,,v +_
"-_- -

+-:...+_ .+ > +-: .- " . - --iv_..E_J.'_n_p_ {2._)
.... _ -+,;_-. -.-- :.._.,,,_.....

, . - _ - _. -...-+'+ -_- _ss_m, + _ .-
-=...;-_. -. .:.

+ + '- --: 2 _l_.min+,Pl£s=_.+._._ .-__..... ;_:_........ . -

"._.-+--" wi.,m,-+,,__+,_+._0_.+._+.+_s_u_a= _-._i_=-_. to.._ +,,-sock._, _'e c_
++mpu%_ :'_ ?_i%y.:_'6Z .the cuzren_.s-i_du-c+e_ by-an emf in "_,,e-__lasm_.

5":. -.. -- "" - "" ,9 +" - " 3

- _Ue _'.......w-+.-+:_+-now'.wz_e.,,+ omi+,,'i;ing "_he _ter_e_i_%e.s%eps, the exI_essions for -
_+_.: __ "¢ -'t,he-deP.si%y,'.of c_e_%Sam_--<}_ity of ++he c_rges._ -

"_ -- /The e_-en%_in_-_ed _i%h each %'_t,ecf ch_+':gehas %_e form:"

• "_.- _ - " -" " - : " +-_ +/_-"l£O_'x_+-') -+' (_.C+om,'d_ nexP_e)

I ,,,;-._,.,"%_+:.,.:,.+:_.... ;_..++-_..+,. ,?-..._;:.--., _.. .5.+ _...++..:'-._:.+..,.-+I.+-.-+...;., :+..._ , ..__. _.,.. +.; _ .. ,,,:%- ++:.--+_ ,_+:+:._..:.:_
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d:a_(,,-----l,21-------iia.: d_': E" r. v: (q__,;

m m.

k tD-I- J 0A %:2he co=_,_nen%s of _he _e_so_ q_ are liz/_ed vi%h gbe vet%or "_
in %he following m_nner: . .

: [:,,,,,,,;> <.z_> <v--_,Hv -

: = w= (@--:--"_} <.y_._i::_) - "- " (3.31. @J "y.,> @'(;;_
l

F

.- The 5racke% <_ aro"-na.%he .-;_iue ai_nifies-_

2_ is e_:iden% _om-E_.s. 2-2-'."an.;.2-25, Che vecior q consis:; cf.f3ur :._

ZrOU?S of _e-_ms, one o2 "hlca does _. de?-an_ o:. _':xehe%erogenei%!e_ of %he

fi_)ia_ or %he forces F, +.he o_her is .%__.ibu_ble %o_%he heterogeao_.%y of %he .-.7;
%-ave _plxDude, %he %hirg %0 %he rc-rco 2, _z6 %he l_i; one--%o %he gl--_zlio_%.of .:"2:
-_heLcons_g _gne%ic field h °. In conformi%y _i%_ %h-.s, we represenh ghe %en-_ :'-=

sot q._ in %he form: .i--

o

u__ _,nd u_ = _he _eiociiies of Nie gravi4_%.io:.sl (a.n_elec%=ic_l)_ :xn,i _ia_%&'- J'".-°<

. " negic arif_ (see Eq. 2"6)'° _ _ ":;i'_
;':ere a o

ero_--e_eity: :_ i3 = the Imz% of the %ensoz- qN_ , not connec%g_ wi_h _he he_- }"--2,_R":_:
; <o9.

--i,,.&.tj j.,,= -- i .I. 4,/ i "q"* ==q_* q'%= e [ '::
; ..l._ " _"
e _ iJ, JJ JJ " .

¢ ' -_--L

i - iS.6) ! ./-

X_:.r..
The _on_;r Vo_1 is con_octod _._i%h_ho/to%erosonoi%y of %he %_ve am.pli- :. :._;:

Sude, azd _s follows from F.,q. 2-25, hv,s %ho. form: _ f;_';%
; - 0

_ _ . • v%¢-+_-

] 965026] 76-0] 2
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: ". . -:.

.......... 7 .............. '--" "

!

- 1
I

. v_=v_'sin ,,o-.rv_'_ _, (3 -7)
: where

[ 0 (q,_--q:z") _, _qo,,i_

i • i •. . a . f ov.i. v_ =--iTi[,/a_o1,_ 9=..° v, 'f (S.9)-
•: "_fsl° _ - qs,°vt f o_r]

_2_:*-'_':I-' The _ensor G_ , ILdged. -_-ith _he ef_ec% o_ _orce ,v h_s %he ,_?pear-
_ -_ ante as in _j,. 3.10;

" "-_'_ - -f_'J_ _1",_" , --', • nffiJ. IJ.Vt" . iJ.J."_,

-_=' (:,.---i,.,, _.{(j. + J.') (d.'-- _d. ")+ ,,=d.. [ "_y____co._, ["l.'_ __a , [ ff_l" . j . !.,j . .A__
_-_ - - . _ _ i,, • "L e _ e I "" " _" ":--()j

-_1 .- _;

[.,
......,_, .:. -(;._=--.siny, .uj ,IJ._'] iJ.y. " " "_ - - " i_-/| +im_ _J"_--'_J.'t-;# -tJ.,'s-J.'J." "

• . ,L .,..,..] ,[J.,(,- J

-'" " _ • _, • - ._.mJ'," ' ' "" , ., .,J.,

• " ' _-'- eo_,V _ _,,._'°-10'/ " " G_='-_3_J.J_/.ht'._p+i _ 1 p . . .

•_:

• -d #. ": ; _

_,. _'-._. ; _- :. .

:":: _'-_,, "_;. ,'_-_, i "" :.' } .3" : - '
" I " -@ "" .... "*" : ""'_,; ",C.; ,:,. , ., -- ;_._,_:,:-;-- . : z_.<' • "_ _'" '_"""-" -. ;- ;, "" " " .,_._:'_c_.;_,-_._:..j._. " ._:-_• ,_.,,.,_....... ,,_,-.,_,_..,,.,,_.,.., . _.'_.,,_,,',_;_:,:.:.I. : .,_ : /- . -. . ..... ,_-.,'-.;'_-,:.
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? ": I '" J,J_ (j_ j,. ...... : z r 2js": "' :J,,"""'; "-'"-¢osy'3.(J.",:_3J,J,,"_ i_J.J."::......., , .-,.in3t.... _FJ'- _ J',�7. ")j ._= L ,_ J

.... - f "_'" " "_.7. ",/. .... _2f'' r'/J'V "_1," : "-,
.... : r J._

_._.&.(.,j:_ J_. ,,,. iJ.v , ..... {j£_"T]+ "T"'LT]-""" -_"" __i j

_... =-gJ";', nz J." _!_ .... :., . r
]!"=--_'_'_Vc'"'"" J"i'_"-) --" "-=" �2J.'J:-_,'.._[":-%-- IJ"'-""¢e'_'L:'J4J'--2$J"°IJ"_*_,$ I

_:'Q : J'*"'' J ",I ° " J,,J,_"'!

",:='-'""","["-"(_')'-'"(_-*"-1l+,oo.,,[.,.-(.-.-_-.,....)+,.,...-,,-.,...(--':)'-,,,"i
_ . .... ,...,..,.,. ,+.,,,,_,,,[._,:._,.,..,.,.]

, .- - f .IJ.A ° o _JJ ._- ,, .(d,..J."_] _. r,.,,l.;." . -. _,_J.,_'l

' ll"-"=i_'_'_"*_r_::l-"--l+i"_-flJJ -_'_'''_ J' J''-2J" J'+ _ _,,,'1 -: " -: x _ ¢ I _..

• _._.. ] [ (_' ....._., ,.i!,.-_.. ,,_h'._,i--.------oiJ,,J,_}._. ¢ . --eo_'_ 3J_+J,, Z--.-_-},,_,,..z-o¢ ,0.] '
.. " = "i-'_

_ . .... _ ', _'-_ ,_! "_

i

; " [--_J.(J.+J.') --iJV(J,+&') :--&(&rE." ' _" " "" " "'_

i . :'l_.'J. IJ.'_• " _J.v ,_.v ,_ -",, . _-F)":sia_, " _'

-, ..-:

I-'" "(-_'-)"' (-7)" (_

• _ - :.'t

"- ., ,: ::r

...- 1_-_.,,.,,.,,.,,.,,._.
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_7 _- ° • -+

:,-.:I .._ _.......-__ • 3:

-: I

+, k,.(,-'+.) +.4¢0 , .
-_,_. . !
•:, : ": i"

....... -: : + [o oI :
.=+.'_:_ : : :

/-'_-v _ i "

-_ _.',_:-. _ i :, - ,_
"-_.._ _" fiel-_-_ _s %he _ppe_z_a_ce.a-s sho_.-, i, _. ._. 3-11-
,.:_.::__ -
-_ .... -_he tenso_ _1_p- is de%er._n_.:by _he _el_%io_.zhip.-':-_T_ : - - . : -.-.
_._:.._ - " u_ = b=_f (3.12)

..... -"< " - - _vnere : - .

_j . -: -. .... (s,ts)
_+.,_[ -_- : _n _s-ma_er, _._ +has+ _he _o._.as _n Eq. _.!4.

__._ --

_+-:+_:-...... . ,inai!y, %he las, of "r,ho Censors con%._O_._ %he _n%e=_'=_.o_ Zq+_-2,

-- -_ is,-de¢er._ued in %he following manner= .-
: +_" : _- : :

. .: _=__. _=o*_ _=1,2.3; p=l, 2

.q-:._" '_ _=--.L-L_=°*_: -=1,2,3; _=3 (3.15) ..
+

+; .... a_d from _is P"t" 3-16 is derived. ._+_-+.q

- .. "- The rela%ionships of Eqs. 3-I - 3._ _o_e+_her wi%h Eq. 2-35 temple%ely

ogeneous _lasm_, _s %he rune%ions Of %he. c.:_ilibriuu ch_rn-c%eris¢_-cs of %he

._- ,- plasm_, o£ %he a_pli_udes of '&he wave's elec%ric field_ and of %he deriv_%ives
of %he _mpli_u_e in %he direction of+he plasm_'.s he%erogenei%y.

_::- - . _._bsti_u%ing _, expressed by+ _+_ into .the- _o_ell equa%ion: :.

. VxVxE.___E = 4ai..--_:_ J f3.17)
• . . . .-. .- ..

..., ..

]... . " +; _+e derive-]a s__s%e+m of equa%ibns in%_ Which only %he ampli¢udes of %he-_+ve's +
eiectr$cal field o_e unknowns. .-.

.-: _e ao%e:'%ha% in._ examina%ion of %he !on_i%udinal oscilla%ions, ie,-

"" %hose in which _ X E : O, i% is convenien% %0 use in place of _q- 3-17-%he

" Poisson equa%ion:. V._:4_ Q "(3.i8)
.I

-"_e--dens_y of ch_rEe _ , en%erin_ _l_is equa%Ion c_n be c._ressed by

+:::,:+" : " %he +urrents _ +lremdy +found (a+ _unc%igns of %he elee%rical field} wi%h %he
aid of the continui%y equa%ions. HoweveP, it is sim+pler %0 find _- not wi+h

-.+;, _;_ -; .,
"tj.. -t': - • • - ,, +, ,"' , -" '_

• '+: ': " ;14 "
,. ,'_r+,,: .... _" " " +" - "+ _ " ' " ' "
• _._.'+: :.+..- ,,;+-.:- : , ,. ,_ .+ _= . _'. • ..
• ++" +-/:'_+C" . +-a, . . . _ . . " , _: + : + i "; .

': ::"" " :':', I " • :' ' - +'": ,. ' --
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i

5a% directly wit'--_h_ -i: -_ t'-e 6is_rih'_%ion fu_--c':ion_: '

l:q,...." "=':j,.:-i_-:inS in_e_Tate(i _q. 2._ %:iih rog nect %0 velocities, we ge_ _:.e

+._+ow.1:.i expression for %he charo_ de-zi_-j of e&ch +.y_=_eof p_r%icles:

- .-=X-,: {3.1_) =
where

.k%(==i.'_)=-._:_.- ,d_ d-;,:......i"
m

i
i - m_ --¢o -

f

+ _=_.,) (3"->0)

] i
"I 4 Second Approximation in P.._spec%%0 Sr_dients for Low-P==ssure ..:,

•-." --. .C--..%-it-. ' "= Soc._%i=es fo: very low fr_quo:-cy -=:-"._-= (_.-_ m ) %he _ ,

i _r_ortion-.1%0 the zero and fil-s_ _ie_2ees of -h_ _r_-dients of %he .,:uilibu_u= :"parameters =zy become ve_--fs----_il,so %hat fez "_he s_udy of such %_v_-_, i-& _&,

_i l;rove necess.%_- %0 %a/_e into aceour,'_in 5he dis%ribution function -_..e_orr.s
the% are s_l!, i.e- as the squ_re of %::e _T:dien_. In %his se.-_i_n, we solv_ =_

:_ for _he distribution function, %ai:-L_.gsuch s-.w_ll_er=s inlo eonsi&era%icn._

I %re limi% o%L_seives to a c_so :.,-hen%he _!_sr_% _ressure is =ach le_s %:nan
_lu%'_of the m_nQtic field (!ow-pressuro _l_.sm_). "--sis kno%_, "-e_.Ln %he _r - -...

I diez_ of the equilibriiu', dist=ibu%ion f_c%io_ can be cohside=e _,_s _-uch

"" ": _; am.d, _zkin E into -_ccoun% %he_" !-'==fez%h=n She =-=_dien_ of %he me._'z'.eD-c ...... ,

] sq'aaros o-f the _r_dients _2 the distribu'.l_.- function, we c_u disrgZ=rd %'..e
values %h_ _re" quadratic (_nd of _ hiEhez croci") i_respect to "She _-r_diezt "_

_I of %ine_.&_ne%ie field. Air%hermo=e, %he velocity Of _he o_r-&vit_tion_l d-_ift "'-

will be _ha_ %._% of the dr,f%, but
re_rded &s _ppreci_bly hi_her

=uch lowo= %h_n the velocity of the L-_,x-.;ord_ift, i.e. :_

il ..... " •

-; _,_l i '_' : I _ ",,,;,. ,

w,o- /O_V _-,

_l Then we c_n &Iso disre&_rd %he v=lues of the o_der g=, but we retain _+.thev,Zuesof the Zn secona

iI _i" "_ho |=:'esontsection si=-nifies .n._.':ing_llovance for %he terms of %he order. ;_'__or conveniencel we select ' • *.... c.l a, re--&in_ system, when ia -_he poin% in !:-
; 3

s_co under consideration, _he ::.._,ili_riu_elec.%ric.l fie.d ;.--u.%is.ere, . : oE'_(--)= 0. Understandably, in the _j_ce_'_ts p_ints, with so_,o'oLher coordin- {:'

&to _, E ° _enuz'_lly speakin_ i:_not necessarily re_;ert,:dto zero. Howev_u, i

esti_:.,.tionsindicate that the effects lin';ed with the ,ieriv&_ves (of) s_,. - f",
_i gro insix:.i2icr_nt,

IA Usi;%:j%he :-.:.._o,we fin:: %h_5 _ solution o;" She s_stem of [_17.
Cs.sunptions

equ_%ions re%. _he unperturbed ..,u_,io-. of a. _rticle will _s previou_iy be -"
!

_e%ermined by Eq. 2.51 in which howevezi ;12 = the velocity of only the "gr=v-
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:. ."

....... -......... %

@':" i±a%ional drift (since E ° = 0). All of %h_ ensuin:_ re!a%ionshipS else re-_r.in

%heir forr..er appearance, %rith %he excontion of %h._ _xpressions for _he di_p!ace-

men% of .a l_%rticle in %he direction of the he_o._oxenei%y, which (expressions)

snou!i also con%sin %he terms proportional to-u ! • Thus to the value _-'(r©, v °)

" I (see _I. 2-14) %here should be added "5 a' where

I +l¢(r,+.v°,O=-;;_.-; /+ ;;.+ "-'._- _+'o . _,
: a - (_;- • _1)

: ' _o i. )

The second equation in the sys%e_ 2-]6 will .also change and acquire _he

_++-] fol"ta: : ,, . _ u=..... | _ ; (r,v)=--_np---- , ..
£+"-"_.I " '_ v', -_,

_-L " " whf-le in %he thiz_ equation of system 2.15, the -_lue for a'£_r, v, %) is now
:_F"-.+_,"" fixe_ by the equation

++ " ' "2 {[(
_..-'*"i -_. " ---_ . _._,

. "" ..'. - i,,.. __• = +-' x ..... ,,o.p)
._/_ : L % i"l. _'_

I;. i .+*-m_,[J. 1:_ii "t- ,_ -eJ.m.p ; -_ "_ " z.¢ L_'"_.i : "1" " u J- -

_ -- "I,i._ " ,'_,-- ",_c_s;._--"-_d.'sin I_<-_i -. °: " ".. . ,'.L. 'J .
._ - .,. [ .... _ ,,.

%'+ +-": '-'+" ) -"--'-"+"-"',l).+'+L,cos_-t- ,.j_--.mSin/_ + "_.
t*],_ +

.+-_ _. _inally, %0 the expression for %he disgurbed dis%_ib-u%ionfuncgion (see
_ Eq- 2-24) %here should be a_Ided 51 t, where .....

• I P$.
. +,.A_V.,__ _-,. [_ _-7_++-Z"

___.... _'1o X .... I _'f. _ X"t'_"+.a,,_-'_a,') -'+' " +°Ca_6, a,_.a,_a,,)+m _ft " ; +,. p.
• #&,_(/.+ #'o _,_p.t 1_ Jo ' 4[" aO 1-P -.+,..-- [ "%-+f_,+-,+%-_-_--_-)

_-. -- -_.

This is re, lid a% values of cO/m and _ a%equ.ation arbitrary ".'owever,

':_[i!I _/_c_I_ _ I, _3_I cons.%i%u%esa very slight addition _o 2"ILalso of low

• _lue-are the cor_.espgnding._dition'.: %0 %he %onset of _conduc%ivi%y 0".4.9., I_0

. . will -show %1_% these _xldi%ions become significant a% 0)_ c"

..+_ .For simpllei%y, we will a_sume, %ha% %h_ function _0 is ._La0cweliianwith _

_ a temperature independent of a."Ye sl:allci_regar_ thd gradient of %he cou-;-_,a.,_+%-
_+! . . "ma_ne%ic field, _tB ° =.O, and also %he coordinate dependence Of %he variable

fields' amplitudes. We consider a wave p_6pa&_%in_ across %he mI.gne_icfield

-. (k =.0) _d _ro,s _,.( , =.'/2).
..... •.... 16- -- "

• . "-' .._-':a .,._. -'_' : "'._O' "'"

+,.. • , . ,, . ,,.:.++..:,,::, , . +,.... .+ . + ,. , ," ., :_..,..,,,(_, ,_•:,,,. -.+.,,,,.
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°

in .%his c--_se,wi*"h the ai_ of _he func-.ion f_ + 0f I, we derive, e.F,.,
*,he ....low_o expression for G :

_ . T. • itjc."a== ---ie="°,__ _i,,jl-dr.'C"''_2;_J'*

I "2 •_, _l-L_- J'_=--*'".- t "r . t .;t---T-"-"";"'-:_"_j

,,:,[ ,,,,,'..= )-- '_ /.:,.7' id,, 4- .1,,') t" :r J. -- ,r:d,'

-" $[:-/"%"]d,.--'_" (d,,+J,."} d,,j .-%,_ll " "
_ ,-:I,=[... ......lJ,,_

=i ;J,,_'l .i m - _t,,_
+ _ d" d"'" -- J"= --- " _'_-_" i j "T--. w.=-.. , _z

:" TL-x= ,7. ........ ,,=d,, Id.;'i'-'l
":L"" '=-7-U*)]iJ• fA w6 °

] •..,,. a.:.Z.____ ] _.: w u

"* "'J "o _a: V,''-6}

/-'= -,o j$o(l<:;,_,,=(,,--,L,,_--_,=L'_)-*
c

i% i'_obvious frGm Eq. 4.6_%ha% the term of *"he series with n = 0 reverts

to zero in %he case of addends of %he zero a::i firs% order in respect %o g mud

K but differs from zero in the case of the addends proportional to ._._gX. _-
-- :. 6

iencc for %he low-frequency w°-ves %'i{c_-I".,-..;.,'.'_.'_;,='o, the values of the order of

;Y. ,.;,-,2 _ _. enter into O'xx with considerably greater -_eio-h%than do "&hevalues . "."

of the zer..'order and of the order of g, K. ..-_ . "'::4.

=.-hit%her,inasmuch as in %he braces, the addends of *"he zero orde;" are even ..

functions (of) n, while •those of the first ordei- ar_ odd, then their products .,:.:,.

*"imes-" .; ............. . .,,:; " '. _,
• 7].0J_¢ ". J :'

enter into _ with a weight of varying o_der: zero--with a weight o£ about ."q

[ "'_/_ _ whiieXX%he terms of the order R, g enter with a weight equalling unity. , ,_

' ¢==--._-d,'Z,.J["_*_"'E_7i" (" + _" ;'_"

+ -_-L'" ----T-'"_'"'_''" )J

+" ., JI" (- ": "
" t_ m _'_= " ..._

- " (4.7)
1

-17-

"'v • . -,. ; :'-. , ,, ,. .: ., ,x,
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" I
I

"1 a.._
_{e also assume that the ra%zo of the Larnor r;diu_ %0 the wave .engu.%

T_£/=c_2<{I. _hen.¢
...... T " •

io,.o(" _ w-,,_, "_'";"+g"" (4.8)

i_rom%his it follows that allowance for ";;he%erms of the second order in

_ii__!iI_" respect %o the Era_ients is necessary at ,.he frequencies:... ,.i. -i .1 _

" o_-"<g,;+_J _4-9)
-., I " _ ""
_."-_4 Suca freguencies are at the eras fine typical for the magr,etohjdrodynamic

':-'_::..._i, ..-ins*_%bilitie, Lref- 21%
. ..-

" 5 _lows aria Density in a Lcw-_e_au_e ei.-%r_ellian Plasma

">_'-'- - " - " 5-1 In the p_esent sec%ion, we a&_uee actual _xpressjcns of g;,.:_o_

_:.:!_':1._ .: .,_ i,,,o_.-tantpar_ie_Zarcase,,,.hent:',e_,_tion & is _..:a_.lli,m,_i>o_la_=

_I '_n::,',..,_',.L%*eis smal! in comparison with {he xs_etic pressure- (8 _p/B o" \: I ), while

•--:_':_. : __'_ U;_vitationa! force is lacl6_ng (g = O). i[e _-,!i disregard entirely %he he-_e_o-
tensity of %he ma_gnetic "fiel_, i.e. we will consider that _B o = O. L% 8_ _/Bo2,
.%his si_iZies thug we are excludlng from _he deliberation %hose _ves having

.a phase velocity of the ord.el" of %he velocity of _ia_na_netic drift, "Znile i_-a

_,-2_ . _ "consideration 01" the more rapid waves, we disre_rd the exponentially small :

-'_:;'-'_ _ -terms in G<_ , conditioned by the ingerac%._on of the very fast particles wiZh
._hewave. We ao select _he readout System th_% E o = 0.

_& In this case, the tensor o_ _ielectric _- :_-'*--. per,,,, ,. _, _,-.,_,

-"_ " will consist of-three _8m%_: og a homegeneous one,g_ o, i.e. one coinciding-_-_._1 " "

_ with F.u,_ for a homogeneous plasma; of a par% linked with the hetorogenei%y

• of.'tli.e wave amp!x%u_e, _S 9 , and.of a l_r_ depending O_ .he spatial derivm-

-_ - (_.i)
__['-'- . +'_= e+_°+-"-%+"+ e+W

" The tensor _ o was computed previously by _umerou_ authors [refs.5-9].
_ I% cmn be _Titton in either of two _ys: in the gorm of %he sum of an i-_init_

-_' -- series, or in an integral 2ors," so %hat

"": " I_x ° c_ ] -- - . , .z:- " .-, ,. _,'_,,r (-mva lV.)o-'- -/.

_a • "*" _1, {I @@ .• • _, ,, i_ _ :
z___,,_ j _...,_-" -2 _

"_.R "- = o

•. _,0=__?=_ _"N'_.'o' r_ i ='" lV.')o"--(l.• - "' - +]._.,,.*t_,wr * :
+_.,,+I

•: . ,..' L,._., ,. . ......--:-_-_,_ t+_o-- ,,,,,o_) .-1] sin _ d_ . ,- "; ""+-_ (5.2,
,: _I - O. ,,, . ......... .. +

:... •

_'::": *"_ " : . . --! 8--'.;' ::.';". ,,-. .... . .

-z::::':" ,+". ' '. - "' " - • '-' - ' -" :

.,_-.,,+;,,a,:,,".,;.,,. r :: ;5 • _.", -(.- - :- . . . , . ,..-" : : ". . _ _.
+ • ;v" ,_
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-r_ ..... /- -_'+_r (- i =-.= ;,'.) o-" 2 z (I.-- 1.3
4 p

oo

• _ cs)112 f
=e_ '_T; _-+ -2z dfc "_(1-cosP)

"_ ¢0IU6

¢lj z /_-. .

-" ill 2 F• ......_ t-.,._,.--." .
==__ , _ jc-,,w,+.nw<..r.,.; .. 1.-'-- _,-c laz

e,.°=--e,v --l ,'.-g'_+++'-&;Tt--.,." iF.>:.+e-"(I.--1.'1
,.;Jl

"- k, /. o+,0+"+ 'Pdg(1--c°s_)e_
G

e,o= 1--'_ 2._._ o_,_,l.(l ._iTA+zx.W.)- ' /-..,-++._,r " (5-2)
oc,n

: . _ ""_ 2,,', _:;:_oZd" -'I+i -;+-gTJ_---=--] .e +
; +¢. O - ,- .'.

Here _ Z'+=T: ,,:-=(-.vpfi,,)_ra;

-s ,

x._ --k++,,r- ; I,,-= I, (z)

ll'(z)= e-" 1+ "iu-"je+d t
0

. i

• 12= v7_/+,_/,o_

+oJ-=_=.+"no/,-

(_s +'- If- -+--'_';""W+' i-"

! 5+:f¢iI = the Bessel func{ion of the.imaginary _rgument. i.,'_

The summing for a is in respect _o the electrons and £ons, and for n is . .--,
from -_'to + _ The transfer from one form of wiring to auother in Eq. 5.2 is _

conducted wi%h the. ,_id of the...I,---Z'_:' "muir:" _Or-hI"(_)--. o _,+'_, d_....... + - _..!t:::'

The tensor _mt_ is expressed by c._(,._ In the following m_uner:.................................. :'+N'
• " • . 8_._o O . . • . &_.o "8 _r'-'+_

. .. on.next i?ase)_ b
.- |+_

. -13-

• k
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. t<.,_sz_-._ •. _- _ . . . . .

_ :- ,..

2 •

• - ; iI

I

% . J . _"
• r _c_ .O , ] ,._

;'! r,:.=. ., ,,<,1m_:':"l "*'=" _l._';"c°_-_°_'_;"-'_°sin ..i_

- e_"_----i ro,_-/cos-+---I _o .. i e

:-.:q-
t,../z= .--.z [-"_'-_-'-"-cos

_.:..:: -
"_e-_epresen_ lhe. tensor _.-__"i_ %he _oz__- o£ sums

_::_

-'.e_]"- Th._.coa_onen_._ a_ti3 h_ve %hefolm oi Eq. 5.5:• _.
.... E ill. , 1 _ _" o.,= f__i_f/_lV.l#o"

:_'_-i_C I .b.v'r -
•4"- . o "
_!t .i. " I 0 _ Uilli . llll

I

,I.n

,,-.i lliilill--- <"-")+
-.. _ (z-I-_='/" W.)o-_I.

q_ll . ,, ( _ ,.1" t_Jk.=-- (1+ i xil I z. iV.) o_ I.-- I: -I- L,-- it_)o
"_1 : %n ' i i

er_-- ,f,.[-DT;/ _,_;_--,l.+ e_.]V.) o"__2_-_-"--a-fl.--l.') -- ...L _i "
_i: " - - llllil "-

_- "_'= "_"_)_ _.o,_11-Iixl/i_,l¢,)i,-_(l,,.Zl,'1 ._--,

Ii. ez.-.-'k_'.,-'._ "--',..... z_n (l + it_i/_ :r. l o-_
•_ : _ .,.

i:. :" An_ilogou_ly.. _ .S°r. 8,,x_ we _lllve _he. 1orm of Eq, _.6:

": I1_= i _ x.-'-, m,)_ ' -" ' ....... "' " ....
,;, -,...-<-•: -.-,. - ;-.i_w',i,r4,_o.-:(z.+ _.'4/-q '. C5."" :.-o..- .6"x "c, ..,a .i_¢._e;" . I, i I . """

x:. :_

. , , [ "

' + " "- "': -20"
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_, -q.-__,,.,= (--; r. ;!= . r. , t .... 7=:-" . .--. .... ];;,),)o-#. tL--!,, ) _----b_----l,,
"_Y ':x i'¢; ,.-., ,,l:xltT L

.l.Jl

..:. 1 _ \_ ""= (--i_ _._''ii')7_e-_:(l. --I. I, ;..,-=_ ;.x.-_:;._, -,,;k=,-t:
u, #a

i (' • t..'; .... • t,- --Z " oet • • .) s 11" *) a .. -- e , "1- -\ .... (--ir.','..)c. --I:(1,, --31. "r.,l,,--..)+-I. --., I. -r /.j
-.

• 11*1

_"_'_-:L'_i"_:,'i -".;;' "k'-"":-(I--i r't'-'_"w,,,o ';") '_ u-":_i" I"' a'..... ,"
I|.II

...._= , .._.c-'_"_ _f%, ,l__i rj:z a....... ) r_e-= ;.,_-- J..,;

Z I m .-) t_') r _"

. ?,_

.

._ i e x" _0: z'x,,T_,,Cl+i_:r.._,.;,.)o_;,(l,,_l,..; (5._) '

- _-_ ,_-:-'-%0 " "from _he terms %:ith '" .-_cond &eri,_tives _.f ti.e -__s_r_- :--

buticn z_nction in respect %o eeordina%e i..c....J._ed. : ....
|-y."

5.2 it is clear %h-_-%_- o h_er_zenci_y exfec.s snou__, be p_r_-cul_:'_y . HL..
_n_r_c:_bi_- for the Iow-fre._uency c_-_i!i_-_:_ns (0.". _ ), since i<: _ specific- }:i .-.":_

_-ly _.a _.._-sc.se that there _'e b:-_nch_s of osc_-i!ati_ns, entirei:, .... " I..-a"
- • " • " -o 9_. Un,'o_"the sti,_- } '_

(i::"&._o_rorigin) _0 the presence e'f arif_ veloc_Dles urea- -: . •

con_r-.) .... un %o S_ from the correspondin_ eompon- _T,ui_ion %h_t _ CO , the _ "_"_""

en% of %he i_l_sm_ _xl! .e determined by the follo,^:ing.relatio'..ships-- ,-"<i_'

,',c : ::._

_,._=___.,o=_i "'_--"(I_--I,)o-= "¢:"
e."o_c /.. "._

"": (--i =v-'17o)_: (l 0- I,) o-_- " - -.-'_

•, ,,,,):_ _. _.o--- (5."-a) ,. ;.?__,,°=_=.:,=.... ;;=--k; ,., ..

• .= h#<._

o '',,' i_'._=..... o-_/_ ;e.(1--i-i _*/=._,,:lVo)

I @ c,,,,_ l;O.. z
•_'_"=-k.,,_,,"",;,j _ "i_

" " "L'--" ......

- _C =e-_(I°--l*)- I_:_'_:

• -_-" ,_%,

.. . j, _,.,_.')_.....
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• : _ ,-3__ ___2_+__{le__ll] {--i_r- II_

; _ _+': (;--.:-=;:_z, :"/o)e-xtlo--I:)

l _ .+: k.t_ A,I"'----e-'"--%

" k_--._a mm c _._

1 +=--' + '+':" 2•o-+t' +-).+ +o ..+ ++_ !+z--
,=/+0

+., ¼

ii 4 =_ _t,= o _+

-_+--.-+-{l ---:r.;.'-x,o,_'_e+. +(I e- lzi

_+_.:._+"'+-:. _ . ." t.,+ 11.:Z- ,+_ -_- n- ;--_l=-_ II _ _. ++./a e.-='__' =-'-_ F."._.-G+''°`" "-r.... +

_.-._+. -- . -
k

,,-j

!_ii-ii_IP:+- "-.IL_-3.." : _=-_ .,-_e= __ _.,..+'+=_i+P.:_)(Zo--L)e--+. :_'= _ a. _ _:o--+(z[-I;) (5._a),
.++.-.1. _ - - + " :- (cont)'c)

_|. :. - _ +,
-/_. ._. .+_-

l 0 *++= -" "--I1= I_P _..-=-_. rf --
_--I +. *° OI _" ----IAG- "_=-" it'+,+m -X'.-+_

+_ . _ _ :_+-"I o- l++] (++0+,}

--+., ;" . l+_-:+.._0

I _ ._o_ _":',.-_"--:;:+P'zo_V:e-__:._. - +, + _+.,_ "" b "

-': " : - X [--Io +z (le" ":"Io_ I+1_
_+

..... ; _ a m+: t,-r_ +o,,.1 --+_-"+"---'_--'+;+e-"')-'to--t+_" ++= £-+ +-,: ,T,,_. -

i '+ a+ +,_o"k=.T --.-- - -zAll+:'=:P'zolleo)e-+(lo--I_}++++ + -- +.'-+'-=+ =+..+ %
• . . • ........

.In adffi+ion to the _ssumption rega_in_ the txi:riml_+$yof the frequency,.
:. . -we _lso use_ -f-_.e condition k ._m '_ r_^, an_ in %his regard, we disregarded the

+_>" _. " exponent i_liy- s.m.il+e_s propor%ionally _,J exl_ [ -- (n mc]k UT):_._, co._respond-
++J_ , - •

. ih/2 .... ;. -_g _o++._e +.-_er_c_ion of+very lass p_r.%iclea vi.;._ +he v_ve Therefore (i e _n
++.+V++u,. <®o)., re +tio=  s +-: s.s,,, +.++

-k:+u. -" %he'.case of la_ge-_rgum_ts of'_the Bessel functions, z>_ 1, h_ve me_uing 'onty

+:---.-+_-,--_tl+.._ a_te_+m}+ely _ide single getween the-_ve vector _n_ the cons_ut m_gnetic
'_-i_ --_-" -field,k /_-_ 1. In the opposite c_se, the Bessel function in _hese eau_tions-
_'+.-','-'- -o . _ Z 'X _ . . "

_;;. ::" +,-:should b_ e_panded in£_ _ series vitlx-_e-_ec__-_o, tl.e smgll _r_-umen_, _<_ _ _._e

• ..._ . . t a_;er_ ' in conjunction with _h e _s_iFal_tion _t _ _ _-c' .._t the same time co_-

-_-_.- - respond_ %o_he drift _pproxi_tion Lrof. 1], imi'.£ov¢& by _ consider,_ion of-

"._,'.-,-" .,k..+-:"" " "
--'_......++

_,._+/,',+%,.'._._:.-+,,_ ,-_- . ;, .._ -_ --.;,.-.:., . .' ,.; .-..-- _+,++_'+'i. '--' '..,,, -.,'-;,,,-a,-++ + " • ..... "+__-......... -,:. + "
._'k+-'!_-,_'_"_'_":_.,",",,:'"-,,-.,.,"-_._--'-.+'-..++,_+.- . ;j.".. _:+'.- -" -."< ,.._". - -. :."-"" _

'_;.+.......;..,,'...... . .....,...... :..-,++__.,..:+, ,_+4k:,',_{+_. .̀..6+,.:,._.:_.++_..+,,,,. <• . :.,_ ", . -,:,,.,.+/,, ,,._+,-+.,,..,.._._,_,._._.,,,,,.._,_-.,.._ ,,... .... ,"_.._+.,+ "., ',,.,.?_,'_+-,,,i..,,. '+:_- ._:'_:..
'" ' ' "'+ " ." ' A
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i

;1_ - _,

: - I

%Qu

_ -:.- _-..... .%")':...... . • j'., .,, ,- • - .._/_ •:---..- .- [.. :-:'--.=.--:'.: _,.-.-z_..:'. _.__ ............. :, =.::_ _o-j ¢.,_:" - as ,,_:, : Vl_::_,,;
ho'=_ver,thla ccr.tr_'su;ionhas the n_ture e_"an imi_inary addition to the :-__l
valuea. _nere':_ore,generally spe_ing, it _-'anriotbe o-__te&.

v.. _ use the cox->_nen_aof _h-_ tensor gal.# , but the corn;ouch%of the vector X "lee

ii _ '_ __ (for) the direction of the w-_vevector. Then _ =

eq. _._ ) :-_ uh_ _c:sson e.'£-%-;;;=.
l--m:%_ii acquire the fo

:__:.= I= 32j-X.k 15.71
}

o " d_su__u"._._o.,i-_respect to vei._ei--__ _ressure _th

;'";: 1 ties, £his eq'_.tioncan be reduce& to the foi!o%_g form:(k_L_)i ):

[;5i " + -T"t*+*r-.-_II%1

•C - , .

;_21 • If tem=_rature d_es not _e,.-m..n_on y, "tee= . "-
• . . - 2.

4=e=,*_ I.e-: ""_

+ ,,,_ _ --7_/j ',..r

"I "¢-
; _ 1. an, _

- . x= --;- 0--_- °"

ifthe T-'r_queneyof osciil_tlon]is io:.I(me m:..-),in placeof ea..9.3awe _ll

then __2.ve:

, , _ 4=e=._ "

# i_'

-- -T (°';)1)

Ju_Z "..:seq. _.8_, this equztiom was a/so developed in the paper by K_domtsev &_4.. _ T:Lmofe_/ev _-Ref. 103 by Use of emoth_.r method.

6. Flue_ua_ions of the Alfve/nand Ior-Sonic Ty_s in a Low-Pr-essure:ie3erogen- :

_I_ " : _ - eous Plasma -
% _, the pra.u...__--_+seCtion, _e .havederived a _ispersion eouat_on _'-.o-z'_-" "
_".. the slow %_ves_ o_-whlch the 1,h_sevelocity ia r:uchless than the A].fvenveloc-
..IT _ _y. '2hefrequency of oseill_tio_.sis asst_.adio:¢in comparisonwith z2e eyclo-
_ . iron frequency of the ions. The plasma pressure _r'.ibe cons:_-%:.'z.,.-;hi ;_;
.... . comp.ur¢_with the pressure of _he _aznetie ._le_a,.$_"_ " = 8 _ p/B°_._-l. '"

t_.= c._nstant-- ".leshall e_ne.._he waves pro?w&'_tlnze_st transverse to _._

... ,,:....,,>..,. ,. .. . =*

. ..-.-,. -_ .. ] ". .. . . . .. ....
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:..:E:.-.-_L__ _t_L,i ''° _" " _ •..:_...--;_:x3 _n-:"tr_._=-;ez_ _o ".;h-_it'_cti_:.-:c-"_hz h-_t.._::::-_n_-.tv

•._. = .., _ . _-:-. _ ::o_...__.-Ou-_ _..-_---:........ .._ are _ %:;._ %_-;._s cf :_--.--=_-'_c':._nc_:.

slO'.:;:z'-.'_S---'-.'_......."_Z_/-"-," _h_ :-&fven "::n-;--%!:_-ic::-sonic or_sj _-_.&a_ss O::_ ='--.';%
;'- - ""-"-......=" _":-"_!&S_2_, -_here <.re :ul-::z;'e,n .:_-a:.$_h-a m-'-.c-ne_ic-°-onlcone .... _ ..... u_....u._

fi.:- :--.--t_nr.ennivel'-j._.u_%s_eeifie_Fl-r_. th% s-c_" _-=';"a_-...... . _----_.__.._e'-"_'.y-_ _hsiL" 5::-_z_

veloz'.-'-"is co_,-_&'o!e ,,/_%hor _ess L::%.".%n- v_l-:,eitvof :-'-rn:or..............

Z_:_ ._._L'._ruionea-u-&_zonfor _'_ch.:.-L.:_s:u_ .:_. -
fZ-iO'.:_ :

_-(_x V x }:).= _ P,., (6.1)

_'nc s?.:...-'.l:'-connotes ">._ ......=--_-" -" -................ -

• o _-._.cs':.-..,-=_.:.:___r}o (? =,7/2), .-:eg._s:t_-s:--._.%....

l 8= : 6

" b.:/

• u" _._-'nu-. - + =z-/]" E_- ,,z, c_,.-&% -/

" (. I b: :.,

! . i*_,Ol_.N'-"aE,_,.i=a'_'e'F4_ (6.2) _ -:j..,:_;

I _ _ " _r_= c_=," %feile : :-....:e_r.C_'_co:'-si.4-e__h_'_ cos 2 _,_ I, si:._ _--._- c_ "

i ,,+_ _,_ik< _,._,C,z,f B_!4 =_ro m;),. _,'2, ->,"E...: ".:, : :_.,"-

_rom -_c.o zeeond, equ_:ion of systct.__.6.2_ _ then follows: _.'__

i . ._ ; _.,,._.B i ,+;mx o as=x ._ffi,,3 (6._) :._
+ _ ,=_ +- ,-T_-W-y +_ ---_-y].

S_c-;t--..utir_ this expression for _- into -_:.eo_ne_ t',,o eou_tions o-" 6.2,we _et: :.-::-.._

-- .V:c,_0 + z._"z-.'-- :%= k Oy z_

i<:m_ + ' I_-_-I

' + : i%

+
i ,,,_; I.,, I_-- ,._,t,_a _":

. ---_c,_..-.:,,.l,.,_ [" "- _+_...... ,v,-- ',_',:':
:_5;.!

ii ie"_'_O b _r='t ie'cmO " _' ....

L

• . .. -- : .. _-: - £"

.... :L "' v :,-.. .-.." V.., +,,.--'... -.,+,'.:,':,.-o':::h.""7' _ .. . ," " 7 ":, ,.. _ .:+ ,. - "+ " :, "- . .. ":N '-" c"_ '`'+" :: . " : .. ;4,_"-.+'+_._,,+t%'_,':_,'_'A>.,'-£_*-4+/,.5",-<'-A+""-...'-"-"+"
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I

_lgA,:,'_ _. -- -"n....... 1.,.4-_ , •
J • | .%

Jl-'= k .':"OD.'_ CJ ":"
_,,..l__ .......... .. _-:-

O)i. _ kxYixi _" , z"

2.. z [ l "_ l m %1
i ---il

!_ ....."_ hc.n_y to study eq. 6.9 in =,-,_. :a:--.i:=! ce.ses+ who= the ;-,._._e... ::" =

.... • kzVT) "e.".t'_c=" _. _=:.a!l function (m_< ==_T: o:" !:.=ce (m _ and-¢:?e:. (a--- _
.:nc:-'n; _his function _--= e. s__m,_.=a:._l:,_ic_lfei"m. it can bt c.cnons=.-ate_

r o.
that c-..... , does not have solutions wit. _-_-._zVTI.,i-_

T':-azeforeconsiderin Z that eq. 5.±0 is _,_9"-n_" -.:i__i':.u.iJ.__r._ %7e ...... a88:i :'...'h

m _ :- v and _e will represent E o for ions in the for-,:
: "'Z Ti ZZ

o ,%= t 3 ",'k=: "%.
_,.= ---o,:-_!+ --?.:-)1oo --:

o,#=4= e=.jm .: (6.11) -]-

,';e ....""" no_ be concerned with the _inor effects _ssociated with e:_ ./

• :_./. =_, 2 " _.- _ rz_-. hand _art cfeo. '% " 'z "T- hence r;e have drop-.od :zo:: the "-_+

6.!" t,-c e::Donentially s"-_allima_in=ry %e_z:s.
?

a" _'::,_ :.._ w+ the ele_ron ": - " "'2,-.ezutio _ /kzVTe (the _.. e-_ .,--'zunc;ion_

c: : be _i �@_ e low or high. in the first case, we c£n assume V_ to equal .'--."
u-_+_......: so that ia this co_uectio_; :he E °-value for electrons will . :_[

; . _Z . :'5equal : : ......

k.,,rl (_.!2) .-..;=

..-_<_- • _>_zv_e,......,+ a_ _ for the electron _zz°-Va!ue, we will have the ex- ..,.:.-.;
_z'ession 6.11. _ " ' '"• L_
- . +:.;-i_

Usin S Eqs.-6.11 a_J_ 6.12, w_ i'ind tl-aZat_kzVTe , eq. 6.9 will
yield: ....... _

-- ._+

i . °1_,)o-'.,z / .... .+;,

J _ T+ a _ . " +" _ (a) 0 : _ "0 [+]] " :" ) I . "++ .+._.a_ (6.1_) ..

( )I +i,'_li_ a k_T© a ln_oT__4

•l ==_ _',,.,==(,,,-,o,'1 '++._';_
14 "" b

_f

_. _q- .. +[.
• . . - +- = i - . l,

.... -+;' - " "++" [ " "' ++:+-.+.,i.... ','++-,:,,-_+".':! +

• ° ".....+ " .....++: ', .... " ii--+ ....-+" i ,+++ I:++"+.....i +...... malt i I I
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o

.. .,:

i •

while at _> kzVTe

itu-r- ........... In_,@ -].,¢ race by

.. " * ,r llA",=_ _c-J:;..: [t,,--c.i*) _.o._. l
Ine¢

1 "_: _cuations $.13 amd_.!4 are used as points of departure in the r£port

_: conducted by the author in cooperation with L.I. Rudakov /ref. ll/.
On the basis of these equatior=s, in the work indicated there was de-

veloped an overall pattern, describing the low-frequency (m _ci ) slew

i. ._ _'vz_--_ '_" v.aves in a low pressure heterogeneous plasma, it "_a_ den-
'| or.strated that, just as in a- homogeneous plasma, the number of b_-anches of

.-,u.....__ons, _ :m (k).- equals fcux-_ two of which can be. classified -_ ion-
• " soz,_cwaves, while the other tr,'ocan be classified as _fvdn waves.

_,J The waves bein_ described in eq. 6.8, in case of the real .'_vevec-
_:_i_{ : _c_r _ have _ complex frequency, the __za./in_.r_art of whi:ch can b_ both
_":#_" negative (as in a homogeneous plasma) as well as positive; _hich corz-es-i!.
_v<_ " D-,cn!zto. the buildup of oscillations. Tt.is ._ossible that the buildup. Of

..._.___..t such -c:_vescan represent a hazard in the experiments in the conz'ine_ent of

' " "7 Conclusion

_ The method offered by us _e_its the ihves_igation of all _os Of

_I _ma!l-scale {k_ X ) oscillation_ of a heterogeneous plasma !ocatgd i:xa"heterogeneous magnetic field with straight lines of force. Some of the re-

_ su!ts of ._resent pa2er already used ._.or investigation
the have been the of

• certain t_ges of lo_-pressure _las:_a oscillations _h reports 4, i!, & 12.
_- :-It is proposed that 9ertain problems be considered subsequently.

-'_-- _ . Gratitude is e_essed to V.D. Shafranov for assiduous attention to
__" "_ --thestudy, for his .numerous useful com_.ents, and discussion of the findimgs_
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